Trivial reasons for many ORFans
The first trivial explanation is that the number of ORFans reported by the original authors (given in the 'Original ORFans' column of Table 1 ) are outdated because these initial ORFans may now find matches with genes sequenced more recently. To check this, we recomputed the number of ORFans in each genome using a standard sequence comparison method (with standard parameters; Altschul et al., 1990) †, comparing each ORF originally annotated as an ORFan against the sequences from all the completed genomes and all the protein sequences in SWISSPROT. The results in the column labeled 'Updated ORFans' show that the fraction of ORFans has diminished, but is still significantly high. Furthermore, the percentage of ORFans observed in the more recently determined genomes demonstrates that the fraction of ORFans is not diminishing. Only for the genomes of closely related organisms is the fraction of ORFans expected to drop significantly. For example, all of the ORFans of M. genitalium now have homologs in M. pneumonia, but the question remains of why numerous proteins *Corresponding author. E-mail: dfischer@cs.bgu.ac.il †We use a standard sequence comparison method not only to be consistent with previous genome annotations but also because its sensitivity exactly fits our notion of ORFan: an ORF with no clearly detectable sequence similarity to other proteins. in one group of closely related organisms do not match proteins in other groups of organisms.
A second trivial possibility for finding many ORFans involves near duplication of ORFans in their own genomes. That is, two or more ORFans in the same genome may belong to the same paralog family. These near duplicates all count as ORFans because they have no matches in other organisms. However, for our quest of understanding why there are so many ORFans, it is more meaningful to compute the number of ORFan paralogous families in each genome (next column in the table) than the total number of ORFans. The reduction from total ORFans to ORFan paralogous families varies depending on the extent of duplication that each genome has experienced but still leaves many ORFan paralogous families. As an aside, we note that ORFans have fewer paralogs than other ORFs. That is, sequences without relatives in other genomes are less likely to have near duplicates in their own genome. Does this suggest that many ORFans are new proteins that have not had enough time to duplicate within the organism? And if so, where did they come from? Alternatively, could it be that ORFans are 'dead-end' sequences, i.e. after duplication and modification, ORFans never produce proteins with any functional advantage, and thus disappear?
A third possible trivial explanation is that many ORFans may correspond to 'junk' DNA, that is, segments of DNA identified as ORFs but not expressed as proteins (Goffeau et al., 1996; Dujon et al., 1994) . These junk ORFans may have mutated from non-coding segments of DNA, may be descendants of genes that are no longer functional (e.g. pseudogenes, dead genes or remnants of horizontal transfer) or may correspond to wrongly predicted ORFs. These junk ORFans might continue to mutate until they cease to appear as ORFs or in rare cases until they become new functional proteins. In either case, it is unlikely that junk ORFans would match other ORFs, and should be excluded from our count. To minimize junk ORFans we focused on the larger ORFs only (column 'All' in the table), based on the observation that junk ORFans are likely to be short (Dujon et al., 1994) . The percentages of ORFans among longer ORFs are lower than those shown in the previous column, that is, ORFans are more frequent among shorter ORFs than in the genome as a whole, but still a significant number of ORFans remain. A fourth trivial reason for many ORFans is that they may represent membrane proteins. Our knowledge of membrane proteins lags behind that of soluble proteins in many ways, including how to recognize distant family members. Because of this, we removed all ORFs containing putative trans-membrane helical regions and found that putative membrane proteins appear slightly more frequently among the ORFans than in the genomes as a whole. But even after removing membrane proteins from the ORFans, there remains a substantial fraction of ORFans in most genomes, as shown in the final two columns of the table. ‡
Are ORFans unique proteins or undetected members of known protein superfamilies?
The numbers of 'ORFan paralogous families' listed in the final column of the table are the number of longer, soluble protein families that do not have detectable sequence similarity to any ‡ We also examined whether the presence of non-globular proteins might account for the large number of ORFans, but only four of the ORFans in our final count appeared to lack a globular domain (they showed no contiguous segment of size 60 containing no low-complexity regions).
protein in other genomes. There are at least two less trivial explanations for these still sizable numbers of ORFans.
The first is that they are not true orphans but rather are distant members of known protein superfamilies that standard sequence comparison methods fail to detect. That is, through adaptive variation ORFans have diverged beyond recognition at the sequence level, but their functions and 3D structures are similar to known superfamilies. In this case, the estimates of one (Chothia, 1992) or a few (Orengo et al., 1994) thousand superfamilies in nature seem to be of the correct order of magnitude, and the ever growing number of ORFans merely reflects our present inability to assign them to their proper families. To detect such distant relationships more sensitive bioinformatics methods are needed. Higher sensitivity can be obtained using evolutionary information inherent in multiple sequences (e.g. Gribskov et al., 1987; Krogh et al., 1994; Altschul et al., 1997; Karplus et al., 1998) or by incorporating three-dimensional information (e.g. fold assignment methods; Bowie et al., 1991; Jones et al., 1992; Casari and Sippl, 1992; Fischer and Eisenberg, 1997) .
More sensitive sequence methods (e.g. Altschul et al., 1997; Karplus et al., 1998) succeed in finding distant relationships for many of the non-ORFans. But for ORFans, they succeed only in a small number of cases (results not shown). The increased sensitivity of these methods stems mainly from their incorporation of evolutionary information from neighboring sequences and because by definition, ORFans have no sequence neighbors, these methods find distant relationships for only a few of the ORFans.
Fold-assignment methods can be helpful in assigning families (via 3D folds) for genomic ORFans. The three-dimensional information helps detect distant relationships because 3D folds evolve more slowly than sequences. For example ORF MG353 from M. genitalium was originally classified as an ORFan because searches against the database available at that time revealed no significant similarity to any sequence. However, fold assignment (Fischer and Eisenberg, 1997) identified the structure of a histone-like fold (PDB code 1hue) as highly compatible with MG353, permitting the former ORFan MG353 to be assigned to this superfamily of DNA-binding proteins. In short, fold assignment methods can establish some distant protein relationships that standard sequence comparison methods cannot. However, these methods are not yet powerful enough to assign many ORFans to known protein families (Fischer and Eisenberg, 1997) and work only when the 3D structure is known for at least one family member.
Even if the vast majority of ORFans correspond to undetected members of known protein superfamilies, the question of how much diversity exists at the sequence level remains. That is, why is it that the sequences of these ORFans are so distant from their relatives in other organisms? Why have these ORFans diverged so far that no close relatives are observed today?
A second explanation for the large number of ORFans is that the ORFans code for proteins unique to an organism, or to a closely related group of organisms. They do not match proteins in other species because they belong to different protein superfamilies with unique functions and structures. In other words, these ORFans may be the determinants of the species. But where have they come from? Through adaptive descent the sequences of ORFans may have diverged from ancestral proteins to such an extent that they have acquired new, unique functions and structures not observed in any other organisms.
Alternatively, ORFans may reflect gene-loss in other organisms. This proposed origin of ORFans in gene-loss implies that these proteins were once present in many organisms, but during evolution, species have disappeared leaving ORFan genes in only one or a small group of closely related organisms. That is, present day ORFans may be the only descendants of a once common line of proteins. They still survive in a given species because they fulfill a specific function or because they simply have not had enough time to disappear.
In this view, the function and structure of an ORFan are unique and thus each ORFan defines a newly discovered superfamily. If ORFans continue to appear in each newly sequenced genome, then the number of protein superfamilies may be larger than earlier estimates (Chothia, 1992; Orengo et al., 1994 Orengo, 1994) , will be larger than previously estimated (23 100), and the sequence databases will increasingly fill with new sequences awaiting characterization.
The role of bioinformatics and structural biology in interpreting genomes
Structural biology will be essential in determining whether ORFans are the first examples of unique protein superfamilies, or are distant members of known protein superfamilies. Bioinformatics can play an important role in identifying potentially interesting ORFans, aiding the priorization of their characterization, as in structural genomic initiatives. If an ORFan represents a unique superfamily it is important to learn its 3D structure as part of characterizing its function. If an ORFan instead is a distant member of a known superfamily, its structure may be required to determine its relationship. In any case, until the 3D structures of ORFans are experimentally determined, more sensitive bioinformatics tools will aid in placing genomic ORFans into their proper protein superfamiles.
